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Abstract Alien species are one of the most serious threats to the decline and extinction of native amphibian populations. 
In this study, we examined the predation of invasive Western Mosquitofish Gambusia affinis on the eggs, embryos, and 
tadpoles of Duttaphrynus melanostictus and Pelophylax nigromaculatus in south China. Our results suggested that the 
survival of eggs and embryos remaining in the egg capsules of P. nigromaculatus and D. melanostictus was significantly 
higher than those removed from the egg capsule at 12-h intervals within 72 h in the presence of G. affinis. The survival 
of P. nigromaculatus eggs and embryos without egg capsules was significantly lower than those of D. melanostictus 
without egg capsules. The survival of P. nigromaculatus eggs and embryos with egg capsules was significantly higher 
than those of D. melanostictus with egg capsules from 24 h to 72 h except for 12 h. The survival of D. melanostictus 
tadpoles was significantly higher than that of P. nigromaculatus tadpoles in the presence of G. affinis. The survival 
of Gosner stage 26 tadpoles of P. nigromaculatus was significantly higher than that of Gosner stage 30 tadpoles from 
12 h to 60 h, but there were no significant differences at 72 h. In contrast, the survival of Gosner stage 26 tadpoles 
of D. melanostictus was significantly lower than that of Gosner stage 30 tadpoles within 72 h, recording every 12h. 
The increasing temperature caused a significant increase in predation by G. affinis on P. nigromaculatus eggs and 
embryos. The outer jelly capsule surrounding anurans eggs might serve as a mechanical defense against predation by G. 
affinis due to its large diameter, relatively stationary state and unpalatability. The differences in the vulnerability of P. 
nigromaculatus and D. melanostictus embryos and tadpoles to G. affinis probably due to differences in the unpalatability, 
black skin and activity. Based on the magnitude of predation by G. affinis on the eggs, embryos and tadpoles of these 
two species and the combined impact of temperature, we might speculate that invasive G. affinis and global warming 
would have more detrimental impacts on population viability of P. nigromaculatus than D. melanostictus in China. 
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1. Introduction because native species are often incapable of recognizing 


non-native predators (Gomez-Mestre and Diaz-Paniagua, 


Alien species are a potential threat to the survival of | 2011; Polo-Cavia and Gomez-Mestre, 2014; Salo et 


amphibian larvae globally. In particular, the introduction 
of non-native fish often results in the rapid decline and 
extinction of native amphibian populations (Collins and 
Storfer, 2003; Hussain and Pandit, 2012). Such non- 
native predators are more of a threat to native species 
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al., 2007; Smith et al., 2007). Western Mosquitofish, 
Gambusia affinis, one of the most widespread introduced 
fish, is native to the Atlantic coast of North America 
(Lowe et al., 2000; Pyke, 2005). Their widespread 
introduction can be attributed to their purported 
effectiveness at consuming larval mosquitoes (Pyke, 
2008). G. affinis was introduced to China for this reason 
in 1927 and has now become widespread throughout 
the southern water bodies of the Yangtze River (Li and 
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Jie, 2002). Previous studies have shown that G. affinis 
readily preys on amphibian eggs and larvae, both within 
(Grubb, 1972; Baber and Babbitt, 2003; Gunzburger and 
Travis, 2005; Zeiber et al., 2008; Kerby et al., 2012) and 
outside of its native range (Komak and Crossland, 2000; 
David and Craig, 2006; Gregoire and Gunzburger, 2008; 
Segev et al., 2009; Shulse and Semlitsch, 2014). The 
introduction of G. affinis caused a serious threat to the 
diversity and population dynamics of amphibians, leading 
the International Union for Conservation of Nature to 
list it among the 100 worst invasive species (Lowe et al., 
2000). To date, there have been no intensive studies on 
the degree of damage caused to Chinese anurans by the 
invasive G. affinis. 

There is an abundance of vegetation and water bodies 
at the Lishui University campus (latitude 28°27' N, 
longitude 119°53' E) situated in Zhejiang, South China. 
The advantageous environment provides living and 
breeding habitats for a large number of amphibians. 
Among them, Duttaphrynus (formerly Bufo) melanostictus 
and Pelophylax nigromaculatus breed in the same 
permanent ponds (Figure 1A) from March to May every 
year, so the two species both belong to spring-breeders. 
However, there are some differences in their clutch 
structure. The amplectant pairs of D. melanostictus spawn 
long egg strings entwining the vegetation, including 


A 


Nymphaea alba, Hydrilla verticillata, and Alternanthera 
philoxeroides (Figure 1B). In contrast, the amplectant pairs 
of P. nigromaculatus spawn globular egg masses, and this 
species lays a single egg mass on vegetative cover (Figure 
1C) or a large number of egg masses in the open water 
(Figure 1D). However, their fertilized eggs are enveloped 
by transparent jelly capsules. The invasive G. affinis also 
inhabits in the breeding ponds, so the eggs, embryos, and 
tadpoles of these two anurans may face predation risk. 

In this study, we examined the survival of the eggs, 
embryos, and tadpoles of D. melanostictus and P. 
nigromaculatus exposed to the visual cues of the invasive 
predator G. affinis. Our aims were to evaluate (1) whether 
the jelly capsule of eggs plays a role in protecting from 
the predators, (2) whether there are differences in G. 
affinis predation on different development stages of 
tadpoles, and (3) the effect of temperature on predation. 


2. Materials and Methods 


2.1 Collection of experimental animals Three 
freshly laid P. nigromaculatus egg masses and three D. 
melanostictus egg strings were collected from a permanent 
pond at Lishui University on March 22, 2014. All of the 
eggs were carried back to our herpetological laboratory. 
From each family, about 1200 eggs were directly used 
in two experiments, the remaining eggs of each species 


Figure 1 Breeding water body and egg clutch of Duttaphrynus melanostictus and Pelophylax nigromaculatus, (A) a permanent pond, (B) 
amplexing and spawning of D. melanostictus, (C) single egg mass of P. nigromaculatus in the vegetative cover, (D) multiple egg masses of P. 


nigromaculatus in open water. 


48 Asian Herpetological Research 


Vol. 7 


were separately incubated in two 700 mm x 500 mm x 
400 mm (length x width x height) plastic containers filled 
with aged tap water to a 200 mm depth until tadpoles 
reached Gosner stages 26—30 (Gosner, 1960). The 
development stages of tadpoles were determined using 
an anatomical microscope (Nikon XTS30). The tadpoles 
were fed commercial fish food ad libitum every 2 days. 
The same pond retains water and contains G. affinis year- 
round. We collected approximately 350 similar in size 
female G. affinis with black embryo spots on both ventral 
sides using nets (mesh size: 2 mm) (Deaton and Cureton, 
2011; Pyke, 2005). They were transferred to an outdoor 
pool (3.0 m x 2.0 m x 1.5 m) to be raised. G. affinis were 
starved for 24 h before the experiment. 

Eggs with or without jelly capsules of P. 
nigromaculatus and D. melanostictus were randomly 
selected and transferred into Petri dishes (60 mm 
diameter, 10 mm depth) labeled with size standards, and 
photographed from above using a digital camera (Sony 
DSC-T100), then their egg diameters and jelly capsules 
diameters were analyzed using ImageJ 1.44p software (to 
the nearest 0.01 mm) (Fan et al., 2014). 


2.2 Experimental design 

Predation of G. affinis on eggs and embryos of 
P. nigromaculatus and D. melanostictus Between 
March 22 and 25, 2014, ten eggs with a jelly coat or 
ten eggs without a jelly coat (jelly coats were removed 
by slowly sucking out fertilized eggs with a capillary 
tube) of P. nigromaculatus and D. melanostictus were 
settled into separate plastic bowls. Plastic bowls with 
a 150 mm diameter were filled with water depth of 
approximately 80 mm and 30 replicates each treatment. 
After these were done, a fish was randomly assigned 
to each bowl with a 150 mm diameter. We estimated 
survivorship by counting the number of eggs or embryos 
remaining in the bowls of all treatments at 12 h intervals 
for consecutive 72 h. The environmental conditions in 
the laboratory were 12 L : 12 D photoperiod with an air 
temperature of 25 + 1°C (mean + SE). 

Predation of G. affinis on different stage tadpoles of 
P. nigromaculatus and D. melanostictus Between 2—9 
April, 2014, we performed a completely randomized 2 x 
2 factorial design with 4 replicates of each treatment. The 


experiment had two tadpole levels (P. nigromaculatus 
and D. melanostictus) crossed with two levels of tadpole 
initial Gosner stage: 26 or 30. Tadpoles were firstly 
randomly assigned to each treatment, and then a similar 
sized fish was transferred into every bowl. We recorded 
the survival of tadpoles in each treatment by the same 
method above. 


Predation of G. affinis on eggs and embryos of P. 
nigromaculatus at different temperatures According to 
data consecutively recorded hourly by HOBO temperature 
data loggers (USB, U12-006) in outdoor laboratory 
round-year, the average minimum and maximum air 
temperature from March to April in 2013 were 15.2 and 
25.3°C, respectively, which were used as the basis of our 
experiment temperature designs. On 22 March, 2014, 
we firstly placed ten eggs into fifteen plastic bowls, later 
placed fifteen fish into the same bowls. The environment 
chambers were set at 15°C, 20°C, and 25°C, and the 
photoperiod was 12L: 12D. The survival of tadpoles in 
each treatment was recorded using the same method as 
above. 

All of the eggs, embryos, tadpoles and fish of each 
treatment were used only once. After the experiments, 
excess eggs and tadpoles were released back to the site 
of capture. All of the G. affinis were frozen to death, and 
their body length (the distance from snout to cloaca) 
and snout width (the distance between left and right jaw 
angles) were measured by a digital caliper (to the nearest 
0.01 mm). 


2.3 Statistical analysis The mean survival number of 
anuran eggs, embryos and tadpoles every 12 hours was 
calculated for each treatment. All statistical analyses 
were performed using Statistica 5.0 software. All 
variables were tested for normality and homogeneity 
using the Kolmogorov-Smirnov test and F-max test, 
respectively. Due to the inhomogeneity of variance (all 
P < 0.001), we used the Kruskal-Wallis test to examine 
the differences in the survivorship of P. nigromaculatus 
and D. melanostictus eggs, embryos (with and without 
egg capsules) and tadpoles (Gosner stage 26 and 30) 
coexisting with free-roaming G. affinis at 12 h intervals 
within 72 h in the first and second experiments. Date for 
the survival of P. nigromaculatus eggs and embryos in 
the presence of G. affinis at three temperature treatments 
(15°C, 20°C, and 25°C) were compared with One-way 
MANOVA and Tukey’s post hoc test with different times 
as factor. All results were expressed as a mean + SE, with 


a = 0.05 considered as statistically significant. 
3. Results 


G. affinis used in the experiments had a mean body length 
of 35.70 mm (SE = 0.49, range = 30.81 to 44.22 mm) 
and snout width of 2.86 mm (SE = 0.06, range = 3.03 
to 4.82 mm). Egg diameter of P. nigromaculatus was an 


average of 1.53 + 0.03 (1.17-1.67) mm, and jelly capsules 
diameter was an average of 5.47 + 0.08 (4.67-5.84) mm. 
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Egg diameters of D. melanostictus was an average of 1.50 
+ 0.13 (1.16-1.70) mm. 


3.1 Predation of G. affinis on eggs and embryos of P. 
nigromaculatus and D. melanostictus Kruskal-Wallis 
test revealed that the survival of P. nigromaculatus and 
D. melanostictus eggs and embryos remaining in an egg 
capsule was significantly higher than those removed 
from the egg capsule at different times within 12—72 h 
as shown in Figure 2 (all P < 0.007). The survival of P. 
nigromaculatus eggs and embryos without egg capsules 
was significantly lower than that of D. melanostictus 
without egg capsules in the same time (all P < 0.007, 
Figure 2). The survival of P. nigromaculatus eggs and 
embryos with egg capsules was significantly higher than 
those of D. melanostictus with egg capsules within later 
24-72 h (all P < 0.021), but there were no significant 
differences for their survival at early 12 h (A, y- 60 = 2.03, 
P=0.158, Figure 2). 


3.2 Predation of G. affinis on tadpoles of P. 
nigromaculatus and D. melanostictus Kruskal-Wallis 
test indicated that the survival of Gosner stage 26 tadpoles 
of P. nigromaculatus was significantly higher than that 
of Gosner 30 tadpoles at 12 h intervals within first 12—60 
h (all P < 0.010), but there was no significant difference 
during later 60-72 h (A, n-6 = 1.24, P = 0.265, Figure 
3). In contrast, the survival of Gosner stage 26 tadpoles 
was significantly lower than that of Gosner stage 30 
tadpoles of D. melanostictus at 12 h intervals within 
12-72 h (all P < 0.040, Figure 3). The survival of D. 
melanostictus tadpoles was significantly higher than that 
of P. nigromaculatus tadpoles at all different times within 
72 h (all P < 0.001, Figure 3). 


3.3 Predation of G. affinis on eggs and embryos of P. 
nigromaculatus at different temperatures One-way 
MANOVA indicated that temperature had a significant 
effect on the predation of G. affinis on P. nigromaculatus 
eggs and embryos (Wilks’ à = 0.18, df= 20, 66, P < 
0.001, Figure 4). Tukey’s post hoc test suggested that 
there were no significant differences in the survival 
among 15°C, 20°C, and 25°C treatments at the point 
of 12 h and 24 h as shown in Figure 4. The survival of 
P. nigromaculatus embryos at 25°C was significantly 
lower than that at both 15°C and 20°C, while there were 
no significant differences in the survival between 15°C 
and 20°C at the point of 36 h and 48 h (Figure 4). The 
survival of P. nigromaculatus embryos at 20°C and 25°C 
were significantly lower than that at 15°C, however, there 
were no significant differences in the survival between 20 
°C and 25°C from 60 h to 120 h (Figure 4). 
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4. Discussion 


Many anuran species enclose their fertilized eggs within 
transparent capsules which can attenuate environmental 
thermal variation (Méndez-Narvaez et al., 2015), prevent 
damage from ultraviolet rays (Ovaska et al., 2011), protect 
the eggs from the harmful effects of water pollutants 
(Marquis et al., 2006), and serve as a mechanical defense 
against predation (Grubb, 1972; Zeiber et al., 2008). In 
our experiments, G. affinis consumed rarely the eggs with 
jelly coats of P. nigromaculatus and D. melanostictus, 
and the survival of their embryos was higher than those 
without jelly coats, so this perhaps confirm the outer jelly 
capsule of anurans eggs may play an important role in 
defensing against predators to a certain degree. Zeiber 
et al. (2008) found G. affinis couldn’t consume the eggs 
of Rana sylvatica, Bufo americanus, Ambystoma tigrinum 
tigrinum, and Pseudacris triseriata triseriata, and only 
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Figure 2 The survival of eggs and embryos of Pelophylax 


nigromaculatus and Duttaphrynus melanostictus coexisting with 
predator Gambusia affinis at 12 h intervals within 3 days. 
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Figure 3 The survival of eggs and embryos of Pelophylax 
nigromaculatus and Duttaphrynus melanostictus coexisting with 
predator Gambusia affinis at 12 h intervals within 3 days. 
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Figure 4 The survival of eggs and embryos of Pelophylax 
nigromaculatus coexisting with predator Gambusia affinis at 15°C, 
20°C, and 25°C at 12 h intervals within 5 days. 


observed a large female G. affinis temporarily stuck to 
the outer egg jelly coating, but was unable to successfully 
consume the egg. Grubb (1972) have demonstrated that 
predation was higher for smaller (< 3 mm), unattached 
anuran eggs and those with soft, loose capsules which 
facilitated egg extraction and consumption. The eggs 
of P. nigromaculatus with jelly capsule had a diameter 
larger than 3 mm, and they were often laid in clusters, 
so the firm jelly capsule most likely deterred western 
mosquitofish predation. The average snout width of 
G. affinis in our study was much shorter than the eggs 
diameter of P. nigromaculatus with egg capsules, so we 
believe that the failure of predation on the eggs in part, 
might be due to the morphological defects of G. affinis, 
as a few studies described it a gape-limited predator 
(McCoy et al., 2012; Touchon and Wojdak, 2014; Zhao et 
al., 2014). However, there may be another reason is that 
the fertilized egg within the jelly coat remain stationary, 
which might lead to be failure to visually attract to 
potential predators. When the protective jelly layers of 
P. nigromaculatus and D. melanostictus eggs slowly 
began to dissolve together, and the embryos began 
to come out of egg capsules since about 36h. At this 
moment, the predator G. affinis had access to prey on the 
embryos. Thus, we conclude that invasive predator G. 
affinis poses little threat to the eggs of P. nigromaculatus 
and D. melanostictus, but only for a short period of time. 
In our study, G. affinis preyed on a larger number of 
eggs and embryos without jelly capsules and tadpoles 
of P. nigromaculatus than those of D. melanostictus, 
for instance, G. affinis consumed nearly 95% P. 
nigromaculatus tadpoles but only 10% D. melanostictus 
ones within 72 h. Thus G. affinis’s predation on anuran 
eggs and larvae might be species depentent. Several 
species belonging to the family Bufonidae were known 
to produce noxious or toxic compounds that deter native 
predators (such as dragonflies, Laurila et al., 1997; 
Karraker, 2011) or invasive predators (G. affinis, Komak 
and Crossland, 2000; Pomacea canaliculata, Karraker 
and Dudgeon, 2014; Procambarus clarkii, Nunes and 
Richter-Boix, 2013). These toxins might render the 
larvae unpalatable to these predators, so unpalatability 
is often used as a common defensive strategy. Several 
previous studies have shown that the predatory weatern 
mosquitofish preyed selectively on palatable tadpoles, 
such as Limnodynastes ornatus and Pseudacris triseriata 
triseriata, avoiding unpalatable tadpoles of Bufo marinus 
and Bufo americanus (Komak and Crossland, 2000; 
Zeiber et al., 2008). Moreover, a tadpole’s coloration 
is related to its anti-predator mechanism. Unpalatable 
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tadpoles usually present black coloration, which is 
generally associated to aposematism (Heyer et al., 
1975; Crossland and Alford, 1998; Hero et al., 2001). 
Additionally, unpalatable black tadpoles do not show 
strong reductions in foraging activity upon perceiving 
predation risk (D’Heursel and Haddad, 1999). The 
tadpoles of D. melanostictus studied in our experiments 
also have black skin and are fond of continuous 
swimming under real predation of G. affinis (personal 
observation). In contrast, tadpoles with brown coloration 
(just as P. nigromaculatus; Fei et al., 2009) usually 
stay motionless in the presence of a predator and moving 
from one point to another at high speeds if the predator 
attacks (Heyer et al., 1975; Azevedo-Ramos et al., 1992). 
Unpalatability mechanisms are the main defensive trait 
that makes the coexistence of tadpoles and fish possible 
(Hero et al., 2001) because fish are considered to be the 
main predators of tadpoles in permanent water bodies 
(Heyer et al., 1975). Therefore, G. affinis may well 
pose more threat to P. nigromaculatus larvae than to D. 
melanostictus larvae. 

An interesting phenomenon happened in our 
laboratory studies is that predatory G. affinis selectively 
consumed the different sizes of P. nigromaculatus and D. 
melanostictus tadpoles: more Gosner stage 26 tadpoles of 
P. nigromaculatus were consumed than Gosner stage 30 
ones during the experiment, while it was just the opposite 
for D. melanostictus tadpoles in the same predation 
pressure. This is not consistent with the results of previous 
studies, weastern mosquitofish can consume tadpoles of 
all sizes up to metamorphosis by biting off their tails and 
visceral sections until the individual is immobilized and 
easier to consume (Baber and Babbitt, 2003). The reason 
should be further studied. 

Overall, the higher the temperature was, the more 
the number of P. nigromaculatus embryos preyed 
upon by G. affinis was. It might be the results that the 
protective jelly capsules began to accelerate dissolution 
with the temperature increasing, which leading to 
the embryos in the high temperature treatments 
exposed to the predator early. As a result, it might be 
speculated that global warming (Araujo et al., 2006) 
would exacerbate the extent of the damage caused by 
G. affinis predation on the anuran larvae, which finally 
leading to the decline in anuran population. 

In conclusion, the transparent jelly capsule surrounding 
eggs of P. nigromaculatus and D. melanostictus can 
serve as a mechanical defense against predator due 
to its large diameter, relatively stationary state and 
unpalatability. Based on the differences in vulnerability 
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of the eggs, embryos and tadpoles of P. nigromaculatus 
and D. melanostictus to predatory G. affinis, we conclude 
invasive G. affinis would pose more threat to the larvae 
of palatable P. nigromaculatus than to unpalatable D. 
melanostictus in China, and global warming would 
exacerbate the damage of predation by G. affinis on P. 
nigromaculatus larvae. 
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